■ INTRODUCTION
There is a continuing interest in ion-containing block copolymers due to their use in clean-energy-related applications such as fuel cells and batteries. 1−4 As is the case with conventional block copolymers that do not contain ions, these systems exhibit microphase separation. However, one (or more) of the microphases has the capacity to transport ions. It is obvious that conductivity of ion-containing block copolymers depends crucially on the morphology of ion-containing microphase.
In many systems of interest, the ions are connected to polymers with low dielectric constants such as polystyrene. In such systems, ions exist in the form of ion pairs and long-range Coulombic interactions are absent. It is intuitively obvious that the interactions between ionic and nonionic segments are highly repulsive. If one uses the language used to describe interactions between polymers, one would conclude that these systems are characterized by an extremely high Flory−Huggins interaction parameter (χ). To our knowledge, all of the experimental data on the thermodynamics of ion-containing block copolymers (e.g., refs 2, 5, and 6) have used χ parameters to quantify thermodynamic interactions between ionic and nonionic segments. The use of χ to describe the interactions between ionic and nonionic segments is, in some cases, justified, as shown in ref 7 , where simulations that explicitly account for ionic interactions in copolymers are reported.
As early as 1993, Semenov and co-workers developed the superstrong segregation limit to describe the thermodynamics of block copolymers comprising ionic and nonionic blocks. 8, 9 Self-assembly in conventional nonionic block copolymer chains is governed by the competition between the energy associated with chain stretching and the interfacial energy. However, it was argued by Semenov et al. that in the limit of large χN (N is the number of segments per block copolymer chain) one obtains the superstrong segregation limit (sSSL) wherein only the interfacial energy dictates the morphology. It was postulated that sSSL can be achieved in chains with ionic and nonionic segments. The morphology of block copolymer melts and micellar solutions in the sSSL are essentially dictated by the tendency to form flat interfaces. In other words, lamellar morphologies are predicted in block copolymers with highly asymmetric composition; cylindrical and spherical morphologies are predicted by standard block copolymer theories in this regime. 10, 11 Lodge and co-workers 12 demonstrated that the behavior characteristic to sSSL was obtained in solutions containing fluorinated and non-fluorinated segments due to the large χ parameter between them: disk-like micelles were observed (rather than the usually observed spherical micelles). Recent theories on phase behavior of ion-containing block copolymers account for the effect of charge dissociation on thermodynamics. 1,13−19 The relevance of these theories to systems such as charged polystyrenesulfonate where ion-pairing domainte is, however, unclear.
In previous work, 20, 21 we developed a minimal lattice model for predicting the morphology of diblock copolymers. This is the spirit of the sSSL theory 8, 9 which does not account for Coulombic interactions, but the results of our model differ significantly from sSSL predictions. Since ion pairs can, to a first approximation, be considered as highly polar neutral species, the ion-containing block is made up of two kinds of segments: charged segments that we label S and uncharged segments that we label A. The fraction of ionic segments in this block is labeled p. The nonionic block is made up of one kind of segments that we label B. We limit our attention to polymers with low dielectric constants such as polystyrene and polymethylbutylene wherein charges are tightly bound in the form of ion pairs. The χ parameters between ionic and nonionic monomers were estimated in ref 2 using measurements of domain sizes (block copolymers with large N), neutron scattering profiles obtained from disordered samples (block copolymers with small N), and the random copolymer theory. All of these measurements suggest that those χ parameters between ionic and nonionic segments range from 5 to 10 at 25°C
. Similar estimates were obtained by others. 5, 6 In our model, the χ parameter between ionic and nonionic segments is assumed to be an order of magnitude larger than that between two nonionic segments.
Our previous papers on this subject, where we showed results of Monte Carlo simulations of our minimal lattice model, were restricted to symmetric copolymers with ϕ B = 0.5; ϕ B is the volume fraction of the nonionic block. These copolymers exhibit a wide range of microphase-separated morphologies including gyroid (G), double diamond (DD), perforated lamellae (PL), and hexagonally packed cylinder (HEX), in addition to the expected lamellar phase (L); L represents simple nonperforated lamellae. The observed morphology depended on p, number of segments per chain, N, and χ. In spite of the many limitations of our model, all of the results described above are consistent with experimental observations on poly(styrenesulfonate)-b-polymethylbutylene (PSS−PMB) copolymers with ϕ B ≈ 0.5.
2 It should be noted that the behavior described above is very different from the wellestablished behavior of nonionic block copolymers 10, 22, 23 or the predictions of the sSSL theory of Semenov 8, 9 wherein the phase behavior is dominated by the L phase in symmetric copolymers with ϕ B ≈ 0.5, regardless of N. In Table 1 , we present experimentally observed morphologies of two sets of PSS− PMB copolymers with ϕ B ≈ 0.55 and ϕ B ≈ 0.75 and a fixed sulfonation level of the PSS block of 42 ± 3%; the data are taken from refs 1 and 2. The number of PSS and PMB segments, N PSS and N PMB , were calculated from the known monomer volumes of polystyrene and PMB chains, 0.179 and 0.147 nm 3 , and assuming the reference volume of the segment v = 0.1 nm 3 . 24, 25 These results are plotted in Figure 1 where the morphology obtained from each sample is shown on a plot of N PSS versus ϕ B . Horizontal lines on this plot indicate the change in morphology obtained when the composition of PSS−PMB block copolymers is changed by lengthening the PMB block. In conventional uncharged block copolymers, increasing ϕ B from 0.55 to 0.75 results in a change in morphology from lamellae to hexagonally packed cylinders of the minor component. 26 In contrast, increasing ϕ B from 0.55 to 0.75 in PSS−PMB block copolymers results in a change in morphology from gyroid and perforated lamellae to simple unperforated lamellae. To our knowledge, none of the previous theories on diblock copolymer self-assembly, with or without charges, 1, [8] [9] [10] [11] [13] [14] [15] [16] [17] [18] [19] 22, 23, 27 predict behavior that is similar to that described in Figure 1 .
It is perhaps worth noting that several other experimental groups have studied the morphology of charged block copolymers, and many of the results are strikingly different from those obtained in conventional nonionic block copolymers.
27−33 For example, Goswami et al. report on the formation of hexagonally packed cylinders in a block copolymer with ϕ B = 0.75.
27, 33 The surprising result is that the majority component, the nonionic block, was contained within the cylinders, while the ionic block was contained in the matrix. Simulations that accounted for electrostatic interactions were consistent with the observed morphology.
27 Such simulations can, in principle, provide a more accurate description of the interactions between ionic and nonionic monomers. To our knowledge, however, a comprehensive phase diagram that covers a broad range of relevant variable using this model has not yet been published. It is likely that this is a reflection of the computationally intensive nature of simulations that account for long-range Coulombic interactions.
In this paper we focus on the effect of ϕ B on the morphology of ion-containing diblock copolymers using our previously developed minimal lattice model. 20, 21 Our objective is to see if this model provides a rational basis for the observations in Figure 1 .
■ SIMULATION METHODOLOGY
The PSS−PMB copolymer was modeled by a linear chain consisting of N segments of type A, S, and B, corresponding to styrene (S), sulfonated styrene (SS), and methylbutylene (MB), respectively. The sulfonated block was thus modeled using the A and S segments while the PMB block is modeled using B segments. The length of sulfonated block, N AS = N A + N S , was constant and equal to 17, where N A and N S are the number of A and S segments. The sulfonation level, p = N S / N AS , was thus held fixed at 0.588. The length of non-sulfonated block, N B , was changed from 5 to 47. We performed simulations for 12 different chain sequences, with the volume fraction of the B block, ϕ B , varying from 0.23 to 0.73; ϕ B = N B / N. The molecular structures of the diblock copolymers studied here are given in Table 2 .
The following intermonomer interactions parameters, ε ij , are applied in our simulations: ε AB = 0.042ε, ε BS = 0.792ε, ε AS = ε, ε AA = ε BB = ε SS = 0, which lead to the following definitions of χ parameters: χ ij = zε ij /kT (where i, j = A, B, and S and z is the effective number of nearest nonbonded neighbors); χ AS = 1.26χ, χ BS = χ (χ BS is used to measure the relative magnitude of other χ's), and χ AB = 0.053χ. These values of ε are identical to those used in our earlier simulations 20, 21 and were calculated based on χ parameters obtained from experiments. 2 We define reduced temperature, T*, as T* = kT/ε and χ = z/T*. The PSS blocks in the experimental studies 1,2 were obtained by random sulfonation. Indirect evidence suggests that sulfonation occurs in blocks due to dramatic differences in the solubility of PS and PSS segments. The segment sequences used in the simulations are highly simplified models of the experimental system. The cooperative motion algorithm (CMA) 34−36 for a facecentered cubic (FCC) lattice with the usual periodic boundary conditions was used in this paper. The number of nearest nonbonded neighbors in the simulations was z sim = 10. Using arguments given in ref 21 , this implies that the number of nearest nonbonded neighbors appropriate for the calculation of χ ij , z = 7.5, i.e., T*=7.5/χ. The bond length b = √2a, where a is the FCC lattice constant, and is also used as a length unit. The bonds are not allowed to be broken or stretched.
Parallel tempering (replica exchange) Monte Carlo (PT) simulations were used to equilibrate our systems.
37−39 Our approach is identical to that used in our previous study. 21 The FCC lattice is generated from a simple cubic lattice by removing every second site (i.e., sites that satisfy the condition that the sum of integer coordinates of the site, x + y + z, is an odd integer are removed). The box size is chosen to fit the chain, and the lattice sites are completely filled with chain segments; there are no vacancies. The initial box size used in our simulations is N × N × N for shorter chains (N ≤ 42) and N/2 × N/2 × N/2 for longer chains (N > 42). For example, the box 34 × 34 × 34 was used for chain length N = 34, and it contains n a = 34 3 /2 = 19 652 sites occupied by n c = 578 polymer chains, and for N = 64 we apply the box 32 × 32 × 32 with n c = 256 chains. The effect of box size and shape on our results was studied in selected cases. For example, for N = 34 we carried out additional studies in a 68 × 68 × 68 box, and for N = 64 we used both 64 × 64 × 64 and 64 × 34 × 34 boxes in addition to the standard 32 × 32 × 32 box. The morphologies obtained in the simulations were not dependent on the box sizes.
The ensemble-averaged energy per lattice site, E*/n a , heat capacity at constant volume, C v , and structure factor, S(k), for each temperature, T*, are calculated. The structure factor, S(k), is defined by the equation where n α denotes the number of segments of type α and r m denotes the position of mth segment of type α; in this paper we focus on α = B. The visual observation of the morphology from simulations and analysis of S(k) peaks using well-known results for the dependence of the peak locations were used to identify morphology of nanostructures. The peaks in the dependence of C v on T* were used to determined the order−disorder (ODT) and order−order (OOT) transition temperatures.
■ RESULTS AND DISCUSSION
Typical simulation results are shown in Figure 2 . In Figures  2a,b we show snapshots of sample S70 (ϕ B = 0.70) at T* = 1.59 and T* = 2.47. In the case of conventional block copolymers, the HEX phase is obtained at this composition at temperatures well below the order−disorder transition temperature. 26 In contrast, a lamellar phase is obtained at both temperatures in our minimal model. It is evident that the A monomers are segregated to the "interface" between the S and B segments at T* = 1.59. The driving force for this segregation is obvious: the strong incompatibility between S segments with the two nonionic segments. At T* = 2.47, clusters of S segments are located throughout the A-rich domains. The difference in the morphologies at T* = 1.59 and T* = 2.47 is quantified in Figures 2c,d where averaged concentration profiles of A, S, and B segments of sample S70 are plotted as a function of distance along the vector normal to the layers. (The concentrations were averaged in along the plane normal to the z-axis using many snapshots of the type shown in Figures 2a,b. ) At T* = 1.59, the peaks in the A-segment profiles are located near the inflection points in the S-and B-segment profiles (Figure 2c ). In contrast, at T* = 2.47, the A-segment concentration is nearly uniform in the S-rich domain. The lamellar phase formed in these systems is shown in the movie S70_T*_2_47 included in the Supporting Information. The identification of phase transitions is facilitated by plots of the specific heat, C v , versus T*. In Figure 3a , we show such a plot for S65 where two peaks are evident: a large broad peak at T* = 2.1 that we label L A/S and a sharper but less pronounced peak at T* = 2.96 that we label ODT. The phase behavior of S65 is remarkably simple. The ordered phase is lamellar regardless of T* with a lamellar-to-disorder transition at T* = 2.96. At temperatures T* < 2.1, the A-segments segregate to the S−B interface. At temperatures T* > 2.1, the A-segments are located throughout the S-rich domain. The "transition" (or crossover) between the two kinds of lamellae is not sharp; the peak in the C v versus T* curve in Figure 3a is broad. In contrast, the transition from order-to-disorder corresponding to the less pronounced peak at T* = 2.96 in Figure 3a is sharp. In Figure 3b , we show the S BB structure factor in the vicinity of low temperature peak. The primary and higher-order peaks clearly indicate the presence of a lamellar phase.
The analysis described above was repeated for all of the samples listed in Table 2 , and the observed phase behavior is summarized on a T* versus ϕ B plot in Figure 4 . The plot can also be used to obtain phase behavior on a χ versus ϕ B plot using right-hand-side y-axis in Figure 4 (T* = 7.5/χ as discussed in ref 21) . The dominant phase in the 0.25 ≤ ϕ B ≤ 0.55 window is the lamellar microphase (with and without perforations). The nonionic lamellae in samples labeled L/PL in Figure 4 are occasionally perforated by columns of the ioncontaining microphase, but the perforations are not organized on a lattice. The presence of perforations depends on the initial configuration of the simulation; some simulations lead to simple nonperforated lamellae (L) while others lead to occasionally perforated lamellae (PL). This is probably due to the similarities of the free energies of the perforated and nonperforated morphologies due to the fact that the dominant interaction parameters in the system χ AS and χ BS are similar in magnitude. For ϕ B values between 0.39 and 0.50, a gyroid phase emerges in weakly segregated block copolymers in the vicinity of the ODT. For ϕ B = 0.60 and ϕ B = 0.65 we only The qualitative consistency between the experimental results shown in Figure 1 and the phase diagram in Figure 4 is noteworthy. At the lowest value of N PSS , the morphology of PSS−PMB block copolymers from gyroid to lamellae when ϕ B is increased from 0.55 to 0.75 (Figure 1 ). Our simulations show exactly the qualitatively similar behavior; close to the ODT at χ = 3, the gyroid phase is obtained at ϕ B = 0.73. At larger values of N PSS , the morphology of PSS−PMB block copolymers from hexagonally perforated lamellae to simple unperforated lamellae when ϕ B is increased from 0.55 to 0.75 (Figure 1) . In conventional block copolymers increasing either χ or N results in an increase in segregation strength. In our simulations, segregation strength was varied by varying χ, while in the experiments, segregation strength was varied by varying N. (Changing N PSS at fixed ϕ B is equivalent to changing N.) In both experiments and simulations, increasing segregation strength at ϕ B = 0.55 results in a change of morphology from gyroid to perforated lamellae, while increasing segregation strength at ϕ B = 0.75 does not change the morphology. The HEX phase is obtained at ϕ B = 0.75 when the segregation strength is reduced, relative to that necessary to obtain for the gyroid phase (see Figure 4) . One discrepancy between theory and experiment is that the perforations in the simulated PL phase do not lie on a lattice while those in the experiment 2 are clearly ordered on a hexagonal lattice.
In refs 20 and 21 we have argued that the "effective" driving force for microphase separation is well-approximated by p 2 χN. The phase behavior obtained in our minimal model is shown on a p The above results show changes in morphology as the block copolymer composition is changed by changing N B , keeping length and the ratio of A to S segments in the ionic block fixed. This was done because the same approach was used to vary the compositions of the copolymers used in the experiments described in Figure 1 . In principle, one could also change block copolymer composition by changing N B , keeping N, the overall chain length fixed. While we have not the entire set of new simulations to examine this effect, we did examine the effect of chain length on a particular copolymer: S65. We studied the self-assembly of two copolymers that were similar to S65, but with double the chain length. We studied the following sequence distributions: SSSSSSAAAAAAAASSSSSSSS-AAAAAASSSSSS-62B (S65b) and SSSAAAASSSSAAASSSSSS-AAAASSSSAAASSS-62B (S65c). In both cases, we observe two kinds of phases: L and disordered with an ODT at T* = 7.4 for S65b and T* = 8.0 for S65c. The value of p 2 χN at the ODT is 26.6, which is more-or-less consistent with the phase behavior depicted in Figure 5 . For completeness, we show the C v versus T* plot for S65b in Figure 6 . The overall features on this plot are very similar to those seen in Figure 3a where we report results obtained from S65. The main difference is that the observed features are shifted to larger T* values, consistent with the differences in N. This is consistent with the experimental observations reported in Table 1 where lamellae-to-disorder transitions were observed in samples A1, A2, and A3 that have varying N but fixed compositions that are similar to that used in these simulations. In the case of the S65c, we observed unequilibrated nanostructures in about 25% of the simulations in the ordered state. It is clear that these simulations are at the upper limit of the computing power available to us.
■ CONCLUDING REMARKS
We performed Monte Carlo simulations using a minimal lattice model with short-range interactions to investigate morphology of block copolymers wherein ionic segments are confined to one of the blocks. Results of simulations, performed on 14 different kinds of chains, point to the following conclusions:
1. We observe a qualitative agreement of the simulation data with previously published experimental data obtained from PSS−PMB copolymers presented in Figure 1 . 2. Lamellar and perforated lamellar phases are stable over a wide window of compositions from ϕ B = 0.23 to ϕ B = 0.73. The formation of lamellar phases in the high p 2 χN limit is in agreement with the sSSL theory of Semenov et al. 8, 9 3. HEX phases, expected in highly asymmetric copolymers such as those with ϕ B = 0.73, are only seen in the weak segregation limit. 4. The value of p 2 χN at the ODT is remarkably insensitive to ϕ B . Points 2−4 are predictions, as experiments aimed at addressing them have not yet been conducted. In spite of the many limitations of our minimal model, it provides a rational basis for the unexpected results shown in Figure 1 . It appears that some aspects of microphase separation in low dielectric constant block copolymers with ionic segments can be modeled by considering the ionic segments to be highly incompatible with the nonionic segments and that this incompatibility can be approximated by a short-range Flory−Huggins interaction parameter.
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